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Polymer-fullerene bilayer heterostructures are suited to study excitonic processes in conjugated polymers.
Excitons are efficiently quenched at the polymer-fullerene interface, whereas the polymer-vacuum interface
is often considered as an exciton-reflecting interface. Here, we report about efficient exciton quenching close
to the polymer-vacuum interface of spin-coated MDMO-PPV (poly[2-methoxy-5-(2′-ethyl-hexyloxy)-p-
phenylenevinylene]) films. The quenching efficiency is estimated to be as high as that of the polymer-fullerene
interface. This efficient quenching is consistent with enhanced intermolecular interactions close to the
polymer-vacuum interface due to the formation of a “skin layer” during the spin-coating procedure. In the
skin layer, the polymer density is higher; that is, the intermolecular distances are shorter than in the rest of
the film. The effect of exciton quenching at the polymer-vacuum interface should be taken into account
when the thickness of the polymer film is on the order of the exciton diffusion length; in particular, in the
determination of the exciton diffusion length.
Introduction
Spin-coating or spin-casting is a thin film deposition technique
from solution that is conducted by first wetting and then spinning
a flat substrate. Depending on the rotation speed, the solution
experiences centrifugal forces that, together with the solvent
evaporation process, are responsible for the film formation. Spin-
coating is a versatile deposition method that is used for various
applications; for instance, to deposit photoresists or dielectric
layers in microcircuit technology, to fabricate antireflection
coatings for optical applications, or magnetic coatings in the
data storage industry. Furthermore, spin-coating is used to
deposit thin films of conjugated polymers to fabricate solar cells,
field effect transistors, light-emitting diodes, etc.
Conjugated polymers show semiconducting properties and
can be designed to be soluble in common organic solvents. For
low-cost electronic devices, however, spin-coating is not as cost-
effective as printing techniques, which are the most promising
deposition methods for mass production.1 Nevertheless, in
contrast to other techniques, spin-coating is simple, well
understood,2,3 easy to control, and allows preparation of thin
films of precise thicknesses. Therefore, it is an excellent
deposition technique to investigate properties of conjugated
polymers as well as to optimize devices based on them.
Over the past few decades the morphology of spin-coated
polymer films has been studied extensively. It was predicted
theoretically2,3 and shown experimentally4,5 that close to the
polymer-vacuum interface, a “skin layer” is formed, which is
characterized by a high density and in-plane ordering of
molecular chains (Figure 1). The rest of the film has uniform
density, which is shown to be 3 times less than the density of
the skin layer in a typical conjugated polymer, such as poly[2-
methoxy-5-(2′-ethyl-hexyloxy)-p-phenylenevinylene] (MEH-
PPV).5 Because of such a density difference, the rest of the film
is sometimes regarded as a “spongy layer”.
The skin layer formation originates from the rapid solvent
evaporation at the free surface, which leads to a local increase
in the polymer concentration during spinning. This rise in the
concentration can be so abrupt that the polymer becomes almost
solid close to the surface, which slows down the solvent
evaporation rate from the rest of the forming film.3 Even when
the film is fully formed, some of the solvent remains trapped
below the skin layer. Usually, such solvent residuals are removed
by vacuum baking. At this stage, the polymer viscosity is so
high that the long chains cannot fill the space that was previously
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Figure 1. The bilayered structure of a spin-coated polymer film.
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filled by the solvent residuals. Thus, a spongy layer is formed
below the skin of the film.
The influence of the skin layer on the physical parameters,
such as glass transition temperature6,7 and anisotropy of the
refractive index,8,9 becomes apparent in relatively thin films,
when the skin layer is a considerable part of the total film
thickness. The relevant thickness range depends on the polymer
properties, the solvent evaporation rate, and the spin conditions.
In relatively thick films, the spongy layer dominates the total
film volume, which results in thickness-independent film
properties.
In this contribution, we report about the influence of the skin
layer on the measurements of the exciton dynamics in conju-
gated polymers. In this class of materials, excitons are the
primary optical excitations, and they can be considered as bound,
localized electron-hole pairs. Once created, they tend to diffuse
among conjugated segments by means of energy transfer. The
average displacement of an exciton during its lifetime is called
the exciton diffusion length. This parameter is very important
in the design of organic solar cells because it determines the
volume of the conjugated polymer from which excitons can
reach the dissociation interface, where they can be separated
into free electrons and holes to contribute to photocurrent.10 The
measurement of the exciton diffusion length is therefore
important both for the engineering of optoelectronic devices and
for the fundamental knowledge about conjugated polymers.
The exciton diffusion length is often extracted from photo-
luminescence (PL) measurements by varying the thickness of
the polymer film, which is deposited on top of an exciton
quenching layer.10-17 When the polymer thickness is decreased
to the order of the exciton diffusion length, the PL decay times
in such a polymer-quencher heterostructure become shorter
than those in the relatively thick films. The exciton diffusion
length can then be estimated by modeling the thickness
dependence of the PL decay process. The influence of the skin
layer at the polymer-vacuum interface is usually neglected in
such models, because it is assumed that excitons are reflected
by this free interface.
Here, we study the exciton behavior in the skin layer of spin-
coated MDMO-PPV (poly[2-methyl-5-(3′,7′-dimethyloctyloxy)-
p-phenylenevinylene]) films. We chose this soluble derivative
of PPV because it has been widely used in solar cell research.18
For this class of materials, the exciton diffusion length is
typically reported in the range of 5-7 nm.10,11,13-15,19-21 To
extract the exciton diffusion length using polymer-quencher
heterostructures, the polymer thickness should be varied in the
range of 5-50 nm for MDMO-PPV. Absorption spectroscopy
reveals that in this thickness range, the skin layer considerably
contributes to the total film thickness and, thus, cannot be
neglected. We show that the PL decay times of the pristine
MDMO-PPV films, spin-coated on quartz substrates, exhibit a
thickness dependence similar to that of the polymer-quencher
heterostructures. Such thickness dependence is caused by the
efficient exciton quenching in the skin layer. The efficiency of
this quenching can be estimated by measuring the exciton
diffusion length both in the pristine films and in polymer-
quencher heterostructures. The values of the exciton diffusion
length, which are extracted from both kinds of samples,
correspond to each other only if we assume that the exciton
quenching in the skin layer is as efficient as the quenching at
the polymer-fullerene interface, which is well-known for its
high exciton quenching efficiency.10,22,23
Experimental Methods
MDMO-PPV was spin-coated from chlorobenzene on top of
clean quartz substrates and insoluble14 cross-linked fullerene
films, poly(F2D), to form the pristine films and heterostructures,
respectively (inset to Figure 2). The spin speed of 2000 rpm
was kept constant for all the samples, and the polymer thickness
variation was ensured by changing the solution concentration.
The sample preparation was done under nitrogen atmosphere.
The surfaces of the quartz substrates, of poly(F2D), and of
MDMO-PPV were characterized by atomic force microscopy
(AFM). The root-mean-square roughness was found to be <1
nm for all the surfaces on an area of 100 µm2. The thicknesses
of organic layers were measured by AFM and nulling-zone
ellipsometry. The thickness of poly(F2D) was kept to <30 nm
in all the heterostructures.
PL decays, continuous wave (cw) absorption, and PL spectra
were measured for every sample. Time-resolved measurements
were performed, exciting the samples with 100 fs laser pulses,
produced by a Ti-sapphire laser and frequency-doubled at about
400 nm; the PL decays were recorded by a Hamamatsu streak
camera. The initial exciton density was estimated to be
∼1013-1014 cm-3, being several orders of magnitude less than
needed for exciton-exciton annihilation.24 The cw PL spectra
were measured using a Hamamatsu CCD, and the absorption
spectra were obtained with a Perkin-Elmer spectrometer. The
samples were kept in a dynamic vacuum of 10-6-10-5 mbar
during the photoluminescence measurements, and no degrada-
tion was observed. For the absorption measurements, the
samples were sealed in a chamber under nitrogen atmosphere.
For analysis, the decays were spectrally integrated and
normalized to the maximum value. It was verified that optical
interference and self-absorption effects can be safely ignored
in the thickness range studied here.
Results and Discussions
Thickness Dependence of the PL Decay Times. Figure 2
shows the PL decays (i) of a 240-nm-thick polymer film serving
as the reference sample (solid line) and (ii) of the heterostructure
(dashed line) and the pristine film (dotted line), each of them
with a polymer thickness of 13 nm. The PL decay times depend
on polymer thickness for both heterostructures and pristine films,
being faster for thinner samples. The dependence is monotonic
and appears to be strongest in the polymer thickness range
between 5 and 50 nm, whereas >200 nm thick films are
characterized by a thickness-independent PL decay. As stated
Figure 2. PL decays of pristine MDMO-PPV film (dotted line) and
heterostructure (dashed line) of the same polymer thickness, 13 nm.
The PL decay of 240-nm-thick reference pristine film is also shown
(solid line). The PL decays are normalized to its maximum value. The
inset shows the composition of the pristine films and the heterostruc-
tures.






























































above, excitons are efficiently quenched at the polymer-fullerene
interface;10,22,23 the number of excitons that reach the interface
is limited by the exciton diffusion length LD.23 Consequently,
for polymer thicknesses approaching LD, the relative number
of quenched excitons in the heterostructure is increased, leading
to shorter PL decay times (Figure 2, dashed line).
The dotted line in Figure 2 shows that the PL decay times of
pristine MDMO-PPV films depend on thickness in a manner
similar to the heterostructures, being shorter for thinner films.
Such thickness dependence can be ascribed to exciton quenching
at one or both interfaces of the pristine polymer film. We will
show that the skin layer of a spin-coated MDMO-PPV film
quenches excitons with an efficiency similar to that of a
polymer-fullerene interface.
To quantify the overall exciton quenching in a polymer film,
we introduce the relative quenching efficiency Q(L):
where the total PL is the time integral of the PL decay
normalized to its maximum value, and the reference sample is
a >200 nm thick MDMO-PPV film. The thickness dependencies
of the relative quenching efficiency were measured for both
pristine films and heterostructures. They are shown in Figure 3
as circles and squares, respectively. In general, the overall
quenching in the heterostructures was found to be more efficient
than in pristine films. Hence, we can estimate that the quenching
efficiency of the polymer-quartz interface is much smaller than
that of the polymer-fullerene interface. On the other hand, if
the exciton quenching efficiency is small or zero at the
polymer-quartz interface, then the excitons should be quenched
efficiently close to the polymer-vacuum interface (i.e. in the
skin layer) to explain the pronounced thickness dependence Q(L)
for the pristine films (Figure 3).
To independently quantify the exciton quenching at polymer-
quartz interface and in the skin layer of a MDMO-PPV film,
we will assume that the characteristics of the skin layer are
essentially the same in the heterostructures and the pristine
films.25,26 In the next section, we will quantify the quenching
efficiency by following this hypothesis.
LD Measurements. The exciton diffusion length in polymer
films is often measured using the diffusion-limited quenching
at the interface with either fullerenes or fullerene deriva-
tives,11,12,14,19-21 titania,13,15 or metals.16 The dependence of the
relative quenching efficiency, Q, on the polymer thickness, L,
is recorded experimentally, and it is fitted with a mathematical
model based on a diffusion equation. Such a fitting results in a
value of LD typically in the range of 5-7 nm for PPV
derivatives.10,11,13-15,19-21
Here, we measure the exciton diffusion length to estimate
the efficiency of the exciton quenching in the skin layer. For
simplicity, we will neglect the finite thickness of the skin
layer in the modeling. Then the quenching in this layer can
be considered as an interface effect. Later, we will estimate
the influence of a finite thickness of the skin layer on our
results.
The exciton diffusion length is an intrinsic property of the
conjugated polymer and should be the same in the heterostruc-
tures and the pristine films. Since in our sample geometry, the
effect of interface quenching enters the diffusion model as
boundary conditions, we can estimate the efficiencies of such
quenching simply by choosing the boundary conditions that lead
to the proper value of LD for both types of samples.
The exciton density, n, is modeled by the following diffusion
equation:
where τ denotes the exciton lifetime and D is the exciton
diffusion coefficient that is related to the diffusion length
by the equation LD ) (Dτ)1/2. Due to the sample symmetry,
n depends only on one spatial coordinate x, which is the
distance from the free interface. Because ultrafast photo
excitation has been used, the generation term G(x, t) can be
represented as the initial exciton distribution, which is taken
to be uniform due to the low absorption coefficient at the
excitation wavelength.
The term S(x) in eq 2 denotes the interface quenching; it can
be adjusted to mimic different boundary conditions. The
polymer-vacuum interfaces of the heterostructures and the
pristine films are assumed to be equal, implying common
boundary conditions at this interface for both sorts of samples.
As we noted in the previous section, the quenching efficiency
of the polymer-vacuum interface is expected to be high. In
our modeling, we assume it to be 100% efficient:
The polymer-fullerene interface is known to be an efficient
exciton quencher, which provides the second boundary condition
for the heterostructures with polymer thickness L:
The polymer-quartz interface is expected to be a weak exciton
quencher; therefore, here, we assume that its quenching ef-
ficiency is negligible:
With these boundary conditions, eq 2 can be simplified to
Cauchy problems and solved analytically for both types of
samples. Then the relative quenching efficiency Q is simply
Figure 3. Measured relative quenching efficiency, Q, of the pristine
films (circles) and the heterostructures (squares). The curves represent
the best fits with eqs 8 and 7, respectively.
Q(L) ) 1 - total PL of sample with polymer thickness L
total PL of thick reference sample
(1)
∂tn(x, t) ) -n(x, t)/τ + D ∂xxn(x, t) + G(x, t) - S(x) n(x, t)
(2)
n(0, t) ) 0 (3)
n(L, t) ) 0 (4)
∂xn(L, t) ) 0 (5)
Q(L, LD) ) 1 -
∫0L dx∫0∞ nquenched sample(x, t) dt
LN0τ
(6)






























































where LN0τ is the total PL of a quencher free sample. Integration
of eq 6 leads to the analytical expressions Q2 and Q1 for the
heterostructures and the pristine films, respectively:
Here, the exciton diffusion length, LD, is the only fitting
parameter, and the index near Q denotes the number of
quenching interfaces.
The fitting of the experimental data for the heterostructures
and the pristine films by eqs 7 and 8 is illustrated in Figure 3.
The resulting values of the exciton diffusion length are 4.5 and
5 nm, respectively. These values are similar and were extracted
from two different series of samples under the common
assumption that the polymer-vacuum interface efficiently
quenches excitons. It is important to note that the extracted
values of the exciton diffusion length correspond to the one of
the spongy layer.
These values would diverge when the boundary condition at
the polymer-vacuum interface would be varied to reduce the
quenching efficiency. In the limiting case, when the quenching
efficiency of the polymer-vacuum interface approaches zero,
the extracted exciton diffusion length from the heterostructures
would be close to 9 nm, whereas that from the pristine films
will virtually approach infinity. Thus, we can conclude that our
assumption of efficient exciton quenching at the polymer-vacuum
interface is correct because it leads to the similar values of the
exciton diffusion length, extracted from either kind of sample.
Skin Layer in Spin-Coated Films. The theoretical prediction2,3
of a dense skin layer close to the free interface (Figure 1) was
followed by the experimental confirmation of a bilayered film
structure. On the basis of neutron reflection experiments on spin-
coated MEH-PPV films, Webster et al.5 concluded that such
films are composed of two well-defined and uniform layers of
different densities. They reported a density ratio as high as 3
between a 24 nm, thin, dense layer and a 136 nm, thick,
“spongy” layer. Lu and coauthors4 discovered the bilayered
structure of spin-coated polyacrylamide films by reflection-
absorption Fourier transform infrared spectroscopy. The mol-
ecules in the part of the layer closest to the substrate were found
to be randomly oriented, whereas the skin layer4 showed spin-
coating-induced in-plane chain orientation.8,27,28 Moreover, the
idea of a bilayered structure of spin-coated films is also often
used to explain the thickness dependence of the glass transition
temperature in conjugated polymers.6,7 Here, we report spec-
troscopic evidence of the bilayered structure of a thin polymer
film, which confirms the exciton quenching effect in the skin
layer.
The absorption spectrum of MDMO-PPV films exhibits a
thickness dependence that is equal for heterostructures and
pristine films (Figure 4). Figure 5 displays the variation of the
energy maximum of the absorption spectrum for films of
different thicknesses. The absorption maximum shifts by 0.14
eV toward lower energies, going from >200 nm to ∼15 nm
thickness. A further thickness decrease leads to the opposite
trend; that is, to a blue shift. This thickness dependence is
relatively strong. For comparison, the Stokes shift for the 240
nm thick MDMO-PPV film is 0.34 eV (Figure 5), and the typical
value for the half-width of the Gaussian excitonic density of
states29 is ∼0.1 eV.
The thickness dependence of the absorption spectrum can be
explained in terms of the bilayered structure of spin-coated
polymer films. As mentioned previously, the spin-coating
procedure induces in-plane chain orientation in the skin layer
of the film,4,8,27,28 whereas the polymer chains adopt random
conformations in the spongy layer (Figure 1). Consequently,
the skin layer is characterized by polymer chains with longer
average conjugation length and by the red-shifted absorption,30
as compared to the spongy one. In >200 nm thick films, the
absorption spectrum is dominated by the spongy layer, whereas
in thinner films, the skin layer becomes more valuable, leading
to the red shift (Figure 5). For ultrathin films with thicknesses
below 15 nm, the influence of the substrate dominates over the
spin-coating-induced effects, resulting in the blue shift upon
further thickness decrease.
One would expect that the exciton migration process is
anisotropic at the interface between the two layers of the spin-
coated polymer film. Indeed, due to the different degrees of
ordering, a gradient of the conjugation length is formed between
such layers. Since the excitons tend to migrate toward longer
conjugated segments, one rather would expect a drift directed
to the better-ordered skin layer than an isotropic diffusion
process. Such a drift depletes the exciton population in the
spongy layer and increases it in the skin layer. Since the density
of states is considerably shifted toward lower energy in the skin
layer, one would expect that any PL from the skin layer would
be red-shifted. This would apply to samples in the thickness
range of 5-50 nm.
Figure 4 shows the steady-state PL spectra that correspond
to the polymer films of thicknesses 7, 42, and 240 nm. Figure
5 summarizes the thickness dependence of the maximum













Figure 4. Normalized absorption and normalized photoluminescence
spectra of polymer films with thicknesses 240 nm (solid, thick line),
42 nm (solid, thin line) and 7 nm (dashed-dotted line). The spectra
are normalized to their maximum values.
Figure 5. Measured thickness dependencies of the maximum position
of the absorption spectrum (circles) and 0-0 PL transition (squares).
The curves are shown as guides for eyes.






























































than that of the absorption spectrum; moreover, we can resolve
a monotonic shift to higher energy with a thickness decrease
in the range of 5-50 nm. It is important to note that we did not
find substantial differences in the peak positions of the PL
spectra between heterostructures and the corresponding pristine
films.
We attribute the absence of the expected red shift of the
PL spectrum to the exciton quenching in the skin layer of
the spin-coated film. The observed photoluminescence is
mostly coming from the spongy layer, which is not influenced
by the spin-coating procedure, and thus, its degree of ordering
does not depend on the sample thickness. In the thickness
range of 5-20 nm, most of the excitons reach a quenching
interface; thus, the observed photoluminescence is originated
at the early stages of the exciton diffusion. During roughly
the first 100 ps after the laser pulse, excitons undergo a
thermalization process; that is, a downhill migration toward
lower energy sites.31 The photons emitted during this process
are blue-shifted as compared to the emission of thermalized
excitons. In sufficiently thin films, excitons get quenched
before the completion of thermalization. Therefore, we
observe a slight blue shift for films with thicknesses close
to the exciton diffusion length (Figure 5).
One of the physical phenomena responsible for the exciton
quenching in the skin dense layer can be the interchain coupling
that leads to formation of nonradiative dark states. Ruini at al.32
performed ab initio calculations of PL intensity and real space
exciton wave function for both PPV crystal and an isolated
chain, showing that in the crystal, the lowest electronic excitation
is an optically inactive exciton. They also noted that the PL
efficiency would strongly depend on the local polymer density,
being lower for more densely packed chains. Nguyen et al.,33
using scanning near-field optical microscopy, showed experimen-
tally that the PL intensity is weaker from the denser clusters of an
inhomogeneous MEH-PPV film. The concept of exciton quenching
due to interchain interactions is supported by numerous reports on
decrease of the PL quantum yield under application of hydrostatic
pressure in various organic materials.34-36
Our measurements show that the PL is quenched with high
efficiency in the skin layer. Such a high quenching efficiency
reflects the high number of excitons that decay nonradiatively
close to the polymer-vacuum interface. It is energetically
favorable for excitons to migrate into the region of higher
density, which is characterized by longer average conjugation
length. Since the film density increases when going from the
spongy layer to the skin layer, excitons would rather drift into
the latter than anisotropically diffuse between the layers. In this
way, the exciton concentration increases in the skin dense layer,
where the probability of nonradiative decay is high.32-36 As a
result, the number of excitons that decay nonradiatively
increases, and finally, the exciton quenching within the skin
layer can be approximated as the 100% efficient quenching at
the polymer-vacuum interface.
It is important to note that in the bilayered spin-coated film,
the conformations of the polymer chains in the vicinity of the
free surface are decoupled from the substrate and are fully
determined by the spin-coating conditions. The detailed surface
analyses of spin-coated poly(3-hexylthiophene) films by ultra-
violet photoelectron spectroscopy, Penning ionization electron
spectroscopy,26 and X-ray absorption fine structure spectros-
copy25,26 show that the polymer chain conformation at the
surface does not change upon thickness variation, obtained by
changing the polymer concentration and keeping the spin speed
constant. This supports our assumption that the skin layer is
essentially the same for both the heterostructure and the pristine
film of corresponding thickness.
Finally, we address the neglect of the skin layer thickness in
our modeling of the relative quenching efficiency. Every exciton
that passes from the spongy to the dense layer does not diffuse
back due to the energy gradient, but subsequently decays
nonradiatively due to the effect of enhanced density.32-36 The
interface between the dense and the spongy layers is reported
to be relatively sharp.5 Thus, this interface, not that of the
polymer-vacuum, should be considered as the exciton quench-
ing wall in our modeling. Consequently, we should use the
thickness of the spongy layer instead of the overall film
thickness, L, in the modeling.
Although we had no opportunity to reliably estimate the
thicknesses of the skin and spongy layers, the obtained results
of the exciton diffusion length still allow us to draw our main
conclusion. Suppose the thickness of the skin layer is about
10% of the overall film thickness, L. Then the thickness of the
spongy layer is 0.9 L, which should be put into the modeling
as a sample thickness. Since the relative quenching efficiencies
(eqs 7 and 8) depend on the ratio L/LD, the resulting values of
the exciton diffusion length would be smaller than the obtained
ones with a factor of 0.9 for both the heterostructures and the
pristine films. This means that neglecting the skin layer thickness
affects the absolute Values of the measured exciton diffusion
length, but not the ratio between them. Thus, we can still
compare those values and conclude that the skin layer efficiently
quenches excitons.
Conclusions
We showed that in the skin layer of spin-coated MDMO-
PPV film excitons are quenched with high efficiency, compa-
rable to that of a polymer-fullerene interface. One of the
physical phenomena responsible for such a quenching is the
formation of nonradiative dark states close to the polymer-
vacuum interface due to higher polymer density. This effect
should be taken into account for films in the thickness range
5-50 nm, in particular when the exciton population is measured
or estimated.
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